Both dopamine (DA) agonists and NMDA antagonists produce prepulse inhibition (PPI) deficits in rats that
Prepulse inhibition (PPI), the reduction in startle magnitude when a weak prestimulus is presented 30-500 ms prior to a startling stimulus, is an operational measure of sensorimotor gating that is deficient in schizophrenia spectrum patients (Braff et al. 1978 (Braff et al. , 1999 Grillon et al. 1992; Cadenhead et al. 1993; Bolino et al. 1994; Perry and Braff 1994) . In rats, PPI is disrupted by acute treatment with DA agonists (Swerdlow et al. 1986 Mansbach et al. 1988; Martinez et al. 1999) or NMDA antagonists Geyer 1989, 1991) . These different drug effects appear to be mediated in part by distinct substrates that are sensitive to different pharmacological manipulations. Specifically, while acute treatment with either "typical" high-potency D2 DA antagonists or "atypical" antipsychotics can reverse DA agonist-induced PPI deficits, clinically "atypical" antipsychotics preferentially reverse the PPI deficits produced by the NMDA antagonist phencyclidine (PCP) (Keith et al. 1991;  
METHODS

Rats
A total of 89 male Sprague-Dawley rats, weighing 250-500 g (Harlan Laboratories, San Diego, CA), were used in these experiments. Rats were housed in groups of two or three, until equipped with minipumps, at which time they were housed singly, to prevent excessive perturbation of the pumps. A reversed 12-h light/dark cycle was used (lights on at 1900, off at 0700); surgery and all testing occurred between 1000 and 1700. Rats were handled prior to any procedures to minimize stress during behavioral testing, and were given ad libitum access to food and water except during surgery and behavioral testing.
Drugs
For sustained administration, osmotic minipumps (Alza Corporation, Palo Alto, CA) filled to deliver approximately 1 mg/kg/d haloperidol were used. Control rats received a "sham pump" (either silastic polymer pellets of approximately the same size and shape as the minipumps (Lipton et al. 1991) , or an actual minipump filled with saline). In studies examining acute drug effects on PPI, saline vehicle, 1.25 mg/kg or 1.5 mg/kg phencyclidine (PCP HCl) or 0.1% ascorbate/ saline vehicle or 0.5 mg/kg apomorphine were administered subcutaneously (sc). These doses of apomorphine and PCP have been shown to produce consistent and robust disruptions of PPI in rats (Mansbach et al. 1988; Mansbach and Geyer 1989) .
Surgery
Implantation of subcutaneous minipumps was performed under halothane anesthesia. Rats were anesthetized initially by exposing them to a bell jar containing vaporized halothane. After this, a small area on the back, directly behind the head, was shaved and the rat was placed into a stereotaxic apparatus with a nose cone that delivered a mixture of halothane and air. The area to be incised was cleaned with an alcohol swab, while tail pinch and visual observation of respiratory movements were used to assess sufficient levels of anesthesia. Once the animal was anesthetized, a small incision was made with a scalpel, a small subcutaneous pocket was created using blunt dissection, a pump or "sham pump" was inserted and the incision was closed with wound clips. Explantation involved a similar procedure, with an incision made below the previous incision through which the pump or sham pump was removed.
Apparatus
All experiments utilized four startle chambers (SR-LAB; San Diego Instruments, San Diego, CA) housed in a sound-attenuated room with a 60-dB ambient noise level. Each chamber consisted of a Plexiglas cylinder 8.2 cm in diameter resting on a 12.5 ϫ 25.5 cm Plexiglas stand. Acoustic stimuli and background noise were presented via a Radioshack Supertweeter mounted 24 cm above the Plexiglas cylinder. Startle magnitude was detected and recorded by a microcomputer and interface assembly, which transduced cylinder movement via a piezoelectric device mounted below the Plexiglas stand. Startle magnitude was defined as the average of 100 readings collected every 1 ms beginning at the onset of the acoustic noise burst. Acoustic stimulus intensities and response sensitivities were calibrated (using an SR-LAB Startle Calibration System) to be nearly identical in each of the four startle chambers (maximum variability Ͻ 1% of stimulus range and Ͻ 5% of response ranges). Chambers were also balanced across all experimental groups. Sound levels were measured and calibrated with a sound level meter (Quest Electronics, Oconomowoc, WI), A scale (relative to 20 N/M2), with microphone placed inside the Plexiglas cylinder.
Methodological details can be found in published material .
Testing Procedures
Eight to 14 days after arrival (2-4 days prior to surgery), rats were exposed to a brief "matching" startle session. Rats were placed in a startle chamber (closed Plexiglas cylinder) and exposed to 5 min of 70-dB background noise followed by 17 PULSE trials of 40 ms 120-dB noise bursts ("PULSE ALONE") and 3 PREPULSE ϩ PULSE trials consisting of a 20 ms 82 dB (12 dB above background) prepulse followed 100 ms by a 120-dB pulse. Data from this session were used to assign rats to balanced groups (vehicle or 1 mg/kg/d haloperidol) according to their average PULSE ALONE startle magnitude.
Beginning on post-operative day 8 (7 days after implantation of minipump or pellet), rats were brought to the laboratory for 30 min and then treated with either vehicle or drug immediately (apomorphine) or 10 min before (PCP) a test session. Each session was approximately 19 min long and consisted of 5 min of 70-dB background followed by four trial types: PULSE ALONE noise bursts; and PREPULSE trials which consisted of 20-ms noise bursts 3, 6, or 12 dB above 70-dB background noise followed 100 ms by a PULSE. The session consisted of four "blocks,": blocks 1 and 4 included four PULSE ALONE trials, and blocks 2 and 3 included both PULSE ALONE (8 trials per block) and 3, 6 and 12 dB PREPULSE ϩ PULSE trials (5 trials each per block), presented in pseudorandom order with a variable intertrial interval (average of 15 sec). In addition, between each stimulus trial, 100 ms of response was recorded during periods where no stimulus was presented. These trials were called "NOSTIM" trials and were used to assess gross motor activity during the test session but were not included in the calculation of intertrial intervals.
Treatment and Test Schedule
Group 1. Rats were equipped with 28-day minipumps delivering haloperidol ( n ϭ 36) or control pellets ( n ϭ 32). Animals were tested 7, 14, and 21 days post-implantation after treatment with saline vehicle or PCP (1.25 mg/kg or 1.5 mg/kg) and 10, 17, and 24 days postimplantation after treatment with 0.1% ascorbate/saline vehicle or 0.5 mg/kg apomorphine. Dose group (vehicle vs. PCP or apomorphine) was assigned randomly prior to each test.
Group II.
A subset of Group I rats was equipped with a second 28-day minipump delivering haloperidol ( n ϭ 17) or with control pellets ( n ϭ 17) on post-operative day 25 (24 days after implantation of the first minipump). Haloperidol vs. control pellet/pump was kept constant for all rats. At this time, the original minipump or pellets were removed. These animals were also tested with an acute treatment of vehicle or PCP (1.25 mg/kg or 1.5 mg/kg) 28, 35, 42, and 49 days post-implantation of the initial minipump/pellets and with an acute treatment of vehicle or 0.5 mg/kg apomorphine 31, 38, 45, and 52 days post-implantation of the initial minipump/pellets.
Data Analysis
Data were analyzed using an analysis of variance (ANOVA) with drug treatments as between-subject factors and block and trial type as within-subject repeated measures. Post hoc comparisons were conducted using a one-factor ANOVA. Alpha was set at 0.05. Because treatment (vehicle vs. PCP or vehicle vs. apomorphine) was randomized for each test, duration of haloperidol exposure could not be used as a within-subject variable for assessment of treatment ϫ haloperidol interactions. Instead, separate ANOVAs were calculated for each test date.
RESULTS
Group I
During the first 10 days of sustained haloperidol treatment, haloperidol reversed the PPI-disruptive effects of apomorphine, but not PCP. At several time points between 14-24 days of sustained haloperidol treatment, haloperidol reversed the PPI-disruptive effects of both apomorphine and PCP.
Startle magnitude was potentiated by the interaction of apomorphine and haloperidol during the first 3 weeks of testing. Data are presented in Table 1 . At 10, 17 and 24 days post-implantation, post-hoc analyses revealed elevated startle magnitude in the "apomorphine ϩ haloperidol" group compared to either "apomorphine ϩ vehicle", or "vehicle ϩ haloperidol" groups ( p Ͻ 0.05, all comparisons).
Apomorphine produced a decrease in PPI that was reversed by haloperidol at all of the time points tested ( Figure 1A -C). Ten and 17 days post-implantation, ANOVAs revealed significant effects of haloperidol on PPI (F(1,84) Ͼ 16.24, p Ͻ .001), significant effects of apomorphine (F(1,84) Ͼ 103.32, p Ͻ .0001) and significant haloperidol ϫ apomorphine interactions (F(1,84) Ͼ 26.51, p Ͻ .001). Twenty-four days post-implantation, ANOVA revealed no significant effect of haloperidol on PPI (F(1,84) ϭ 2.38, ns), a significant effect of apomorphine (F(1,84) ϭ 114.85, p Ͻ .0001) and a significant haloperidol ϫ apomorphine interaction (F(1,84) ϭ 6.42, p Ͻ .015). Post hoc comparison revealed significant haloperidol-induced increases in PPI in apomorphine treated rats at 10, 17 and 24 days post-implantation.
PCP produced a significant increase in startle magnitude that was not reversed or facilitated by haloperidol at any of the time points tested (Table 1) . Seven, 14 and 21 days post-implantation, ANOVAs revealed no significant effects of haloperidol on startle magnitude (F(1,83) Ͻ 2.41, ns), significant effects of PCP (F(2,83) Ͼ 6.03, p Ͻ .004) and no significant haloperidol ϫ PCP interactions (F(2,83) Ͻ 1).
PCP disrupted PPI, and this effect was opposed by haloperidol 14 and 21 days post-implantation, but not 7 days post-implantation (Figure 2A-C) . Seven days postimplantation, ANOVA revealed no significant effects of haloperidol (F(1,83) Ͻ 1), an effect of PCP (F(2,83) ϭ 98.39, p Ͻ .0001) and no significant haloperidol ϫ PCP interaction (F(1,83) Ͻ 1). Fourteen days post-implantation, ANOVA revealed an effect of haloperidol (F(1, 83) ϭ 4.42, p Ͻ .04), an effect of PCP (F(2,83) ϭ 52.65, p Ͻ .0001) and a haloperidol ϫ PCP interaction (F(2,83) ϭ 3.30, p Ͻ .045). Twenty-one days post-implantation, ANOVA revealed no significant effects of haloperidol (F(1,83) ϭ 2.66, ns), an effect of PCP (F(1,83) ϭ 72.84, p Ͻ .0001) and a haloperidol ϫ PCP interaction (F(1,83) ϭ 6.07, p Ͻ .0035). Post hoc comparisons revealed significant haloperidol-induced increases in PPI in rats treated with 1.5 mg/kg PCP at days 14 and 21.
Group II
A subset of rats from Group I were then tested during 28-52 days of exposure to haloperidol or placebo pellets or pumps. In these Group II animals, results were similar to those obtained in animals during the first week of testing.
Apomorphine increased startle magnitude on 31 days post-implantation but had no significant effect on startle magnitude during tests on days 38 and 45 postimplantation (Table 1) . Apomorphine significantly reduced PPI 31, 38, and 45 days post-implantation ( Figure  3A-C) . This effect was reversed by haloperidol 38 and 45 days after implantation of the first minipump. Thirtyone days post-implantation, ANOVA revealed no significant effect of haloperidol (F(1,33) ϭ 2.23, ns), a significant effect of apomorphine (F(1,33) ϭ 69.35, p Ͻ .0001) and no significant haloperidol ϫ apomorphine interaction (F(1,33) ϭ 3.86, p Ͻ .06). At 38 days post-implantation, ANOVA revealed a significant effect of haloperidol (F(1,33) ϭ 11.83, p Ͻ .002, a significant effect of apomorphine (F(1,33) ϭ 223.41, p Ͻ .0001) and a significant haloperidol ϫ apomorphine interaction (F(1,33) ϭ 7.08, p Ͻ .02). At 45 days post-implantation, ANOVA revealed no significant effect of haloperidol (F(1,33) ϭ 3.93, p Ͻ .06), a significant effect of apomorphine (F(1,33) ϭ 128.30, p Ͻ .0001) and a significant haloperidol ϫ apomorphine interaction (F(1,33) ϭ 5.34, p Ͻ .03). Although ANOVA did not reveal a significant haloperi- dol ϫ apomorphine interaction at 31 days post-implantation, there was a nonsignificant tendency for haloperidol to reverse apomorphine-induced PPI deficits at this time also [mean PPI (S.E.M.) in apomorphine-treated rats: vehicle group ϭ 6.4 (3.5); haloperidol group ϭ 26.9 (4.8)]. The haloperidol effect size on post-implantation day 31 (0.66) was actually larger than it was on postimplantation days 38 (0.62) or 45 (0.58) ( Figure 3A) . PCP significantly increased startle magnitude 28 days post-implantation and significantly reduced PPI 28, 35, and 42 days post-implantation. Haloperidol had no significant effects on startle magnitude and neither reversed nor facilitated the effect of PCP on startle magnitude or PPI 28, 35, or 42 days post-implantation of the first minipump. Startle data are presented in Table 1 , PPI data are presented in Figure 4 . Forty-nine days after implantation of the first minipump (approximately 4 weeks after implantation of the second minipump), PCP significantly increased startle magnitude (Table 1 ). In addition, there was a significant haloperidol ϫ PCP interaction (Table 1) . This interaction reflected the reduction in startle magnitude in rats treated with haloperidol ϩ vehicle, compared to the nonsignificant increase in startle in rats treated with haloperidol and either dose of PCP. Haloperidol attenuated the PCP-induced PPI deficit (Figure 4) . ANOVA revealed significant effects of haloperidol (F(2,31) ϭ 7.66, p Ͻ .009), and PCP (F(2,31) ϭ 46.73, p Ͻ .001), as well as After the second set of pellets had been implanted for 28 days, some of the effects of haloperidol on apomorphine-disrupted PPI appeared to wane. Thus, 52 days after implantation of the first minipump (4 weeks after implantation of the second minipump), the interactions of apomorphine and haloperidol in measures of both startle magnitude (Table 1) revealed no significant effects of haloperidol or apomorphine on startle magnitude, and no significant haloperidol ϫ apomorphine interaction (Table 1) . ANOVA of PPI revealed no significant effect of haloperidol (F(1,33) ϭ 2.09, ns), a significant effect of apomorphine (F(1,33) ϭ 57.42, p Ͻ .0001), and no significant haloperidol ϫ apomorphine interaction (F(1,33) ϭ 1.68, ns). Among rats treated with apomorphine, more PPI was still exhibited by those who had received haloperidol minipumps [mean (S.E.M.) %PPI ϭ 36.39 (4.29)] vs. control pumps [mean (SEM) %PPI ϭ 22.28 (4.79)], but this difference did not reach statistical significance (F(1,16) ϭ 2.44, ns) . 
DISCUSSION
Reports from several groups have demonstrated consistently that acute treatments with high-potency D2 antagonists, such as haloperidol, do not reverse PPI deficits produced by NMDA antagonists such as PCP (Geyer et al. 1990; Keith et al. 1991; Hoffman et al. 1993) . Recent evidence, however, indicates that sustained or subchronic exposure to high-potency D2 antagonists via drinking water or repeated daily injections does attenuate or reverse PCP-or dizocilpine (MK-801)-induced PPI deficits (Pietraszek and Ossowska 1998; Feifel and Priebe 1999) . The present study assessed the effects of sustained subcutaneous infusion of haloperidol on apomorphine-and PCP-induced PPI deficits.
As predicted based on its effects after acute injection, sustained administration of haloperidol significantly reversed the PPI-disruptive effects of apomorphine over 10 to 45 days. This reversal of the apomorphine effect provided evidence for bioactivity of the sustained haloperidol treatments, because the effects of haloperidol as a DA antagonist should block the effects of apomorphine as long as adequate concentrations of haloperidol are present in the brain. Although initially haloperidol had no significant effect on PCP-induced PPI deficits, 14 and 21 days after minipump implantation, haloperidol significantly reversed PCP-induced PPI deficits. During the first 21 days of exposure to the second haloperidol minipumps (study days 28-42) haloperidol failed to reverse PCP-induced PPI deficits, but haloperidol significantly reversed these PCP effects 24 days after the second minipumps were implanted (study day 49). Although the magnitude of this haloperidol effect was modest, it was consistent with the magnitude of chronic haloperidol effects in one other report (Pietraszek and Ossowska 1998) , and with the magnitude of atypical antipsychotic effects on the PCP-induced disruption of PPI (Bakshi et al. 1994 ). In addition, although these studies differ in the routes of antipsychotic administration (minipumps vs. drinking water or injections) and the exact time at which D2 antagonists were found to be effective at reversing PCP-or MK-801-induced PPI deficits, the fundamental findings are the same: acute administration of a clinically "typical" antipsychotic is ineffective in reversing NMDA antagonist-induced PPI deficits, while sustained or subchronic antipsychotic administration reverses these effects after a delay of many days to weeks.
These results indicate that sustained exposure (Ͼ1 week) to the D2 antagonist haloperidol results in timedependent changes that are capable of opposing specific behavioral effects of the NMDA antagonist PCP. In this study, these effects are variable over time (i.e., between 28-45 days haloperidol did not reverse the PPI-disruptive effect of PCP). This fluctuation of the ability of haloperidol to reverse specific PCP-induced behavioral effects may reflect changes in haloperidol blood levels, caused by the limitations of the minipumps used in these studies. Throughout this period of variability, haloperidol significantly diminished the PPI-disruptive effects of apomorphine, suggestive of functional D2 receptor blockade. Nevertheless, it is conceivable that during this period, haloperidol levels dropped below a threshold required to sustain anti-PCP effects in this model, despite remaining above a threshold required to reverse the PPI-disruptive effects of apomorphine. This explanation, however, could not easily account for the reinstatement of the haloperidolblockade of PCP effects 49 days after implantation of the first minipumps, and approxiamtely 24 days after implantation of the second minipumps.
There are several possible explanations for the ability of haloperidol to reverse PCP-induced PPI deficits. First, this effect may result from haloperidol-induced changes in DA receptors, that are not evident after less than 1 week of sustained haloperidol exposure. Such delayed effects might conceivably involve cellular substrates or receptor populations that are not involved in the behavioral impact of acute DA receptor blockade. The present studies did not assess the possibility that the emergence of haloperidol effects after 7 weeks of sustained administration might simply have reflected the passage of time after an initial acute exposure to haloperidol, rather than the cumulative effects of 7 weeks of sustained exposure. Such a delayed physiological response to a single or acute drug treatment has been implicated previously in the delayed clinical response to antidepressants (Antelman and Gershon 1998) . At the least, the present results confirm that sustained blockade of D2 receptors for up to 1 week is not a sufficient condition for the restoration of PPI in PCPtreated rats.
A second possible explanation for the delayed emergence of anti-PCP effects of haloperidol in this paradigm is that these effects may result from a direct augmentation of NMDA receptor processes (Banerjee et al. 1995) , or via changes in specific interactions between glutamate and DA receptors in frontal cortex (Cepeda et al. 1992) , striatum (Amalric et al. 1994; Smith et al. 1994) or nucleus accumbens (Svensson et al. 1994 ) -all regions implicated in the regulation of PPI (Swerdlow et al. 1992 ). Other reports suggest that subchronic perturbations of glutamatergic substrates via repeated injections of PCP are capable of modifying behavioral and neurochemical properties of brain DA systems (Jentsch et al. 1997 (Jentsch et al. , 1998 .
In a recent study, the ability of antipsychotics to restore PPI in PCP-treated rats correlated significantly with their affinity for 5HT2A receptors (Yamada et al. 1999) , and it is thus conceivable that the time-dependent effects of haloperidol in this model reflect changes in brain serotonergic activity. One caveat in extrapolating these findings across studies is that Wistar rats were used by Yamada et al. (1999) , while the present study utilized Sprague-Dawley rats. Our group (Swerdlow et al. 1997 (Swerdlow et al. , 2000 and others (Rigdon 1990; Kinney et al. 1999) have reported substantial differences in drug sensitivity that presumably reflect differences in the underlying neural substrates across rat strains and suppliers. However, Varty et al. (1999) reported that M100907 is equally effective in Sprague-Dawley and Wistar rats in reversing dizocilpine-induced PPI deficits, indicating that for this aspect of possible 5HT-NMDA interactions, drug effects on PPI may be comparable across strains.
The present results confirm that the distinction between "typical" and "atypical" antipsychotic effects in this model is not absolute. While the ability to restore PPI in PCP-treated rats is evident after a single acute injection of clozapine (Bakshi et al. 1994) , olanzapine (Bakshi and Geyer 1995) or quetiapine (Swerdlow et al. 1996) and other atypical antipsychotics (Varty et al. 1999) , haloperidol "acquires" this ability after 2-4 weeks of sustained administration. It is not known whether the common ability of atypical antipsychotics and chronic haloperidol in this model reflect changes in a common underlying neural substrate.
PPI deficits in schizophrenia patients may be "normalized" by antipsychotics, although this has not been reported in within-subject longitudinal studies, nor is it clear whether this effect is greater in atypical vs. typical antipsychotics (Weike et al. 2000; Kumari et al. 1999 ). The present studies suggest that, compared to atypical antipsychotics, the PPI restorative effects of typical antipsychotics might be later to emerge in schizophrenia patients; this might account for the relative ineffectiveness of typical antipsychotics to restore PPI in schizophrenia patients in acute settings (Kumari et al. 1999) compared to patients studied after chronic medication (Weike et al. 2000; Young et al. 1995) . Negative symptoms of schizophrenia are relatively insensitive to typical antipsychotics. Thus, while the reversal of PCPinduced PPI deficits after acute drug administration may predict clinical utility against negative symptoms, the same cannot be said for the reversal of PCP-induced PPI deficits after chronic drug administration. Perhaps most importantly, this study adds to an emerging literature, suggesting that time-dependent clinical effects of antipsychotics can be effectively studied using the PPI model, to help clarify the effect of chronic medication exposure on sensorimotor gating deficits in schizophrenia.
